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INTRODUCTION 
In recent years, the study of hemodynamics and cardiac function 
in health as well as under the stress of disease has become increasingly 
more rewarding thanks to the availability of precision equipment and 
ever more refined techniques for evaluating changing pressures and dimen¬ 
sions within the beating heart. 
Unfortunately, however, such magnificent technology is not with¬ 
out drawbacks. The associated morbidity and mortality, though relatively 
rare in healthy subjects, must nevertheless be reckoned with in planning 
an investigation of cardiac physiology in human volunteers. Thus, there 
are few, if any, studies on record involving serial cardiac catheteriza¬ 
tions of pregnant women. 
The only physiologic counterpart of the increase in cardiac out¬ 
put that accompanies pregnancy is that associated with exercise. However, 
though changes in cardiac function have been thoroughly studied in exer¬ 
cised subjects, the two are not altogether comparable. First, the 
adjustments with exercise are acute, reaching maximum levels within 
seconds; and second, they are transient, maintained usually for only a 
matter of minutes—rarely longer than several hours. 
In the past few years investigators have found numerous 
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correlations between cardiac function as studied by catheterization and 
various indirect so-called "non-invasive” techniques for gathering simi¬ 
lar data. Further, these techniques lend themselves more readily to 
manipulations of the subject, such as positional changes and exercise, 
than does catheterization. 
Systolic time intervals represent one such set of parameters. 
Much of the groundwork for this technique was laid by Wiggers (193, 194) 
in 1921. He performed catheterization studies in some 210 dogs, and 
thereby defined several phases of the cardiac cycle. He, further, exam¬ 
ined the effects of changes in venous return, peripheral resistance, and 
heart rate on the timing of these intervals. This work has recently been 
adapted for clinical use by others. One of the most frequently applied 
schemes is that of Weissler et al (186) who subdivided systole into a pre¬ 
ejection phase and an ejection phase; the former corresponds with 
Wiggers’ phase of isometric contraction, and the latter represents the 
sum of his next 3 periods—maximum ejection, reduced ejection, and 
protodiastole. The duration of these phases is determined with measure¬ 
ments from simultaneous recordings of the electrocardiogram, phono- 
cardiogram, and carotid pulse tracing. 
Weissler et al (189) compared left ventricular ejection time as 
determined from the carotid pulse contour with stroke volume calculated 
with either the dye dilution or direct Fick technique in 121 adult males, 
61 of whom had heart disease. They found a correlation coefficient (r) 
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of 0. 93 between stroke volume and ejection time. 
Greenfield et al (65) studied 13 subjects with atrial fibrillation, 
and compared left ventricular ejection time with stroke volume, peak 
power, peak flow, and stroke work. They found correlation coefficients 
of 0. 85, 0. 74, 0. 77, and 0. 83, respectively. Stroke volume was not as 
closely related to preejection phase (r = 0. 53). Changes in stroke vol¬ 
ume had essentially no effect on duration of total systole. 
Harley et al (75) found a similar correlation between duration 
of ejection and stroke volume (r = 0. 94). However, they also found a 
significant relationship between duration of systole and stroke volume 
(r = 0. 69). 
Weissler et al (187) studied 121 healthy adult males and 90 
healthy adult females, and derived regression curves enabling correc¬ 
tion of measures of ejection time (LVET), preejection time (PEP), and 
duration of total systole for rate-related and sex-related changes. It was 
also found that the ratio of preejection time to ejection time (PEP/LVET) 
varied so little that corrections for sex and rate were not required (mean 
PEP/LVET = 345 msec, S.D. 36 msec). They then studied a number of 
patients in heart failure and compared various parameters of hemodynamic 
function with APEP and ALVET (the differences between actual preejec¬ 
tion and ejection times and those values predicted from the regression 
formulas. They found that APEP was inversely proportional to measures 
of flow (cardiac index, stroke index), and directly proportional to blood 

pressure. ALVET was correlated less well with measures of flow and 
not at all with pressure. The closest relationship was between APEP and 
the ratio of diastolic pressure to stroke index (r = 0. 81). Thus, the over¬ 
all effect of heart failure was to prolong the PEP and shorten the LVET, 
with no significant change in total duration of systole. 
Garrard et al (54), using these regression relationships, com¬ 
pared systolic time intervals with data derived from cardiac catheteriza¬ 
tion as well as with determinations of ejection fraction via left ventricular 
biplane angiocardiography in 68 patients with heart disease. They found 
a significant correlation between APEP and both end-diastolic volume and 
ejection fraction (r = 0. 63 and -0. 77, respectively). ALVET correlated 
well only with ejection fraction (r = 0. 60). Neither of these determinations 
was correlated with stroke volume, systolic or diastolic blood pressures, 
or left ventricular end-diastolic pressure. On the other hand, PEP/LVET 
was not only far more closely correlated with end-diastolic volume and 
ejection fraction (r = 0. 68 and -0. 90, respectively), but was also related 
to left ventricular end-diastolic pressure (r = 0.57). 
Weissler et al (186) studied 34 patients with heart disease. They 
found a close correlation of APEP with cardiac output (r = -0. 72) and with 
stroke volume (r = -0. 80). Similarly, ALVET also correlated with these 
parameters (r = 0. 62 and 0. 60, respectively). The most significant aspect 
of systolic time intervals, however, was the PEP/LVET. The correlation 
coefficient between it and cardiac output was -0. 72, and between it and 

-5- 
stroke volume was -0. 82. 
Thus, duration of the preejection and ejection phases of systole 
as well as the ratio between them can be readily measured without risk 
to the patient, and provides accurate estimates of the functional status of 
the myocardium. It is by this means, then, that I have studied the changing 
cardiac function of pregnancy. 

REVIEW OF LITERATURE 
Clinical manifestations 
The stresses of pregnancy necessitate marked changes in mater¬ 
nal hemodynamics, some of which had not even been hinted at until the 
recent application of invasive techniques, and others of which have been 
obvious for quite some time to investigators and pregnant subjects alike. 
Witness the fact that clinically the cardiovascular status of pregnant 
patients is far different from that in the nonpregnant state, and requires 
a far more discerning evaluation to rule out pathology. 
Physical findings. --Cutforth and MacDonald (38) in a study of 
50 pregnant women found that the first heart sound increases in intensity 
between 12 to 20 weeks and remains so at least until the thirty-second 
week. They noted exaggerated splitting of the first sound, not explainable 
as an ejection sound. The interval between the Q wave of the electro¬ 
cardiogram and the first sound shortens during pregnancy. This same 
degree of variability does not occur with the second sound until the final 
10 weeks when they noted a decreased variation of the interval between 
the aortic and pulmonic components, probably secondary to interference 
with respiratory excursion of the diaphragm by the gravid uterus. In 
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this series, 42 of the 50 subjects developed a third heart sound, and 8 
developed a fourth sound, although only 2 were audible by ordinary 
auscultation. 
An astonishing 46 patients had systolic ejection murmurs--39 of 
which were maximal along the left sternal border--and another 2 had 
pansystolic murmurs. These authors felt that 21 of the murmurs could 
be localized to the pulmonic valve, and another 16 could be definitely at¬ 
tributed to the left heart. Six of these murmurs were still present 4 
weeks postpartum, and were presumed to be permanent. Nine subjects 
also were found to have soft diastolic murmurs at the left sternal border, 
which were thought to be functionally related to the tricuspid valve. 
Noting that the murmurs and accentuated third heart sound con¬ 
tinued until about one week after delivery, in spite of a declining cardiac 
output, and further noting that some workers (4) have shown increases 
in blood volume to a plateau at 36 weeks, these authors felt that findings 
at auscultation correlated better with blood volume changes than with 
cardiac output. This, they stated, is probably attributable to hyperemia- 
induced changes in the physical state of the great vessels, as well as 
alterations in blood viscosity. 
In a review of the subject, Cohen and Thomson (34) claimed that 
100 percent of pregnant women develop pulmonary systolic murmurs and 
another 50 percent have apical systolic murmurs. 

-8- 
Hochstein (83), while pointing out that a pulmonic systolic ejec¬ 
tion murmur is the most frequent murmur in pregnancy, also described 
the Graham Steell murmur, possibly due to dilatation of the pulmonary 
artery; supraclavicular arterial murmurs, due to partial compression 
of the artery; and Still’s murmur in normal pregnant women. He also 
described increased intensity of the first and second heart sounds, and 
displacement of the apical impulse which, except for its well-localized, 
hyperkinetic character, simulates left ventricular hypertrophy. As early 
as the 1920's these changes in the apical impulse were attributed to me¬ 
chanical effects of the gravid uterus (172). 
Extracardiac murmurs referable to the increased mammary 
flow of pregnancy have been frequently noted since first described by 
van den Bergh in 1908 (175). Grant (64) described 2 cases--l systolic, 
the other continuous. Both murmurs were well-localized, unaccom¬ 
panied by palpable arterial pulsations, and easily obliterated with stetho¬ 
scope pressure. Both disappeared shortly after the start of lactation. 
Scott and Murphy (166) reported 2 cases of continuous paraster¬ 
nal murmurs with systolic accentuation, simulating patent ductus arte¬ 
riosus, which varied with changes in position, but were not influenced 
by the Valsalva maneuver. Both could also be abolished by stethoscope 
pressure. They, too, disappeared after lactation began. These authors 
felt that the superficial arterial supply to the breasts was responsible for 
the murmur to which they applied the name "mammary souffle. ” They 
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stressed that, in view of the fact that their second case developed such 
a murmur during two successive pregnancies, and since most women 
never develop it at all in pregnancy, "there may be some further factor 
in its production, perhaps a latent structural anomaly in branches of 
the internal mammary arteries. ” 
Hurst et al (91) reported a case of a systolic mammary souffle, 
maximal at the left sternal border, and associated with a palpable arte¬ 
rial pulsation at that location. They also reported a second case of a 
continuous mammary murmur in a woman with very prominent super¬ 
ficial veins (by infrared photography). They concluded that the systolic 
mammary souffle was arterial, and that the continuous souffle was 
venous in origin. 
Tabatznik et al (175) in a study of 257 South African Bantu 
women during pregnancy, found mammary souffles in 25 of 165 early in 
the puerperium, 6 of 45 in the third trimester, 5 of 28 during the second 
trimester, and in none of 19 first trimester pregnancies. Most murmurs 
were continuous, well-localized, able to be obliterated by stethoscope 
pressure, and associated with a palpable arterial pulsation. Those 
women who breast fed their infants continued to have audible murmurs 
for weeks. These authors suggested that, because they were highpitched 
with late systolic accentuation, these murmurs are arterial in origin, 
and localizable to anastomoses of branches of the internal mammary 
arteries. 
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Cutforth and MacDonald (38) noted 7 subjects with extracardiac 
sounds which were felt to be related to increased mammary flow. Five 
had continuous murmurs and the other 2 were confined to systole. All 
were maximal along the sternal border. An arterial origin was postu¬ 
lated for the same reasons put forth by Tabatznik. 
It is interesting that Zweens (201) described marked enlarge¬ 
ment of an internal mammary artery implanted into the heart of a rat 
which subsequently became pregnant. 
The electrocardiogram. —Numerous observers have noted 
electrocardiographic alterations associated with pregnancy. Smith (172) 
in 1922 described leftward changes in the QRS axis, which he ascribed to 
displacement of the heart by the gravid uterus. A similar trend was 
noted in 1936 by Landt and Benjamin (99) in 12 of 19 subjects, and in 1939 
by Cohen and Thomson (34). Further, 10 of the 19 in Landt’s series de¬ 
veloped slurring of the QRS in lead III, and 4 of them developed T wave 
inversions in that lead. A number of these subjects also developed Q 
waves, which the authors felt were due merely to left axis deviation. 
They went on to point out that all lead HI changes were normalized by 
deep inspiration. 
On the other hand, Wenger et al (191), in a comparison of 24 
pregnant women with 16 control subjects, found that QRS and T wave vec¬ 
tors as well as the QRS-T angle were significantly more variable during 
pregnancy, despite normal mean values. They therefore cautioned 
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against the overinterpretation of changing axes in pregnancy. 
Questionably ischemic changes also apparently occur on the 
electrocardiogram in pregnancy. Brody and McCann (16) presented a 
case report of changes consistent with hypoxia, which worsened when 
the patient assumed the supine position, and which almost totally dis¬ 
appeared postpartum. In a series of 54 primigravidas studied by Boyle 
and Lloyd-Jones (15), 4 developed S-T depressions of between 0. 5 and 
1. 0 mm in only 1 lead. Three of these changes occurred during the first 
trimester, and all 4 subjects had at least 1 normal cardiogram during 
pregnancy. The authors describe the noted changes: "In each case the 
S-T segment sloped upwards from the J-point, did not resemble isch¬ 
aemic depression, and would not normally have been considered patho¬ 
logical. " The 200-subject series of Oram and Holt (137) revealed 14 of 
100 pregnant women with S-T depressions between 0. 5 and 1. 0 mm, 
usually in the left chest leads, as compared with 6 of 100 nonpregnant 
controls with similar changes. They suggested anxiety as the main fac¬ 
tor in their causation. 
Radiologic changes. —Changes, too, are noted on chest x-rays 
in pregnant women, which occasionally raise the question of cardiac 
pathology. Smith (172) pointed out in 1922 that x-ray signs of left ven¬ 
tricular hypertrophy were more likely due to horizontal displacement of 
the heart by the enlarging uterus. This has also been described in a 
serial study of 19 pregnant women by Landt and Benjamin (99), and in 
. 
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250 women studied by Gibson (57), who demonstrated that both cardiac 
and thoracic diameters increase during the second half of gestation, the 
cardiac diameter proportionately more than the thoracic, producing 
cardiothoracic ratios of a "pathologic” degree. 
Hematologic changes 
The question arises as to precisely what cardiovascular altera¬ 
tions are responsible for or coincident with the clinical changes already 
described. Numerous parameters have been studied in great detail by 
many groups during the past century. Yet still there is controversy as 
to what actually happens, from a hemodynamic point of view, in preg¬ 
nancy—even merely on a descriptive level. 
Techniques for determining static volumes--for example red 
cell mass, plasma, or extracellular fluid--involve the intravenous injec¬ 
tion of some label which will distribute itself uniformly throughout the 
compartment being measured. Thus, isotopically labelled red cells are 
injected to measure red cell mass; Evans blue dye, vital red dye, or 
labelled serum albumen are injected to determine plasma volume; and 
sucrose is used to measure extracellular fluid volume. Following admin¬ 
istration of the label, venous blood samples are drawn every few min¬ 
utes, and a decay curve is plotted, based on measured concentrations 
of the label in each sample. Extrapolating this to zero-time, and taking 
the original quantity of label into account, the volume of distribution can 
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be calculated. Whole blood volume is readily calculated from a deter¬ 
mination of hematocrit and plasma volume. 
Blood volume. --The first recorded measurement of blood 
volume in pregnancy was made by Welcker (190) in 1854. After exsan¬ 
guinating a pregnant mouse and a nonpregnant mouse, he calculated 
blood volume by measuring the total hemoglobin in the blood and wash¬ 
ings of each. He arrived at a figure of 7. 6 gm of blood per 100 gm body 
weight for the pregnant animal, and 8. 0 gm blood per 100 gm for the 
nonpregnant one. He concluded that pregnancy is associated with a 
decrease in blood volume. 
Since then, numerous studies (4, 22, 24, 26, 34, 113) have 
claimed to demonstrate increases in blood volume of from 30 to 45 per¬ 
cent, reaching peak or plateau values at various times during the final 
2 months of pregnancy. Statzer (174) reviewed a number of studies, and 
noted considerable variation in results depending on whether vital red 
on 
dye, Evans blue dye, P, or radioiodinated serum albumen was used. 
In his own work, he claimed a gradual rise in blood volume per kilogram 
body weight until 32 weeks gestation. However, the size of his standard 
deviation puts statistical significance in doubt. McLennan and Thouin 
(127), studying 20 pregnant women at term with Evans blue and hemato¬ 
crit measurements, found a 32 percent increase in blood volume with 
considerable individual variation. All values decreased to normal by 
1 week postpartum. Thomson et al (177) found that blood volume 
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increased to a maximum of 90 cc/kg at about 7i months gestation, com¬ 
pared with 72 cc/kg in their controls. Bar croft et al (12), studying 
sheep with Evans blue, found increases in blood volume during the first 
and especially during the third trimester, with a decrease during the 
middle third of pregnancy. Also, studying sheep with Evans blue, 
Metcalfe and Parer (131) found that blood volume was 7 percent greater 
at term than during the first 30 days postpartum. Interestingly, on a 
weight-adjusted basis, they showed no change in maternal blood volume. 
Pritchard (145) in a review claimed a 48 percent increase in blood vol¬ 
ume in pregnancy, and, in his own work, failed to demonstrate any 
terminal decline. 
Whole body hematocrit is significantly lower than that deter¬ 
mined on venous blood because of axial streaming--red blood cells tend 
to flow in the center of the blood column in a vessel, with plasma layered 
against the wall. Therefore, since the ratio of surface area to volume 
is greatest in the small vessels, these have the lowest hematocrit, and, 
so contribute to reduction in the whole body hematocrit. Caton et al (26) 
pointed out that the variation in the above results may be explained 
largely on the basis that some studies compute whole blood volumes 
from the large vessel (venous) hematocrit without correcting for the dif¬ 
ference between whole body and large vessel values. Others, they 
argued, while using a correction factor determined in nonpregnant sub¬ 
jects, failed to take cognizance of the fact that this might not only differ 
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in pregnancy, but might vary during pregnancy. They therefore studied 
12 women serially during pregnancy with Evans blue and Fe-tagged, 
type 0 Rh-compatible blood. They demonstrated a 15 percent decrease 
in large vessel hematocrit in pregnancy, but an 8. 4 percent decrease in 
whole body hematocrit. Whole body—large vessel hematocrit ratios were 
found to be 0. 96 near term and 0. 94 shortly after delivery, compared 
with a value of 0. 90 in a control group. They concluded that their data 
suggested an increased volume of the capacitance vessels in pregnancy. 
These results were refuted by Pritchard and Rowland (148) who, 
51 
using Cr--a more easily measured isotope--and a larger series of sub¬ 
jects infused with their own red cells, arrived at a value of 0. 89 for this 
ratio in term pregnancy and the early puerperium as well as in 16 con¬ 
trols. Thus, they concluded that correction factors derived from non¬ 
pregnant subjects are valid. A similar result was obtained by Lawrence 
and Hignell (102), using Evans blue and ^Cr-labeled red cells in an even 
larger group. But Muldowney and Flanagan (134) arrived at the statisti¬ 
cally significant figure of 0. 924 in pregnancy compared with 0. 902 in 
their controls, using Evans blue and ^P. A study by Verel et al (182) 
yielded a set of values between 0. 87 and 1. 08 with a mean of 0. 94 in 13 
pregnant women. It is difficult, then, to draw any conclusions regarding 
these correction factors. 
Hemoglobin and hematocrit. - -There is a similar variation in 
measurements of red cell concentrations. The overwhelming consensus 
. 
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of opinion is that hemoglobin concentration and hematocrit decline during 
pregnancy (8, 50, 156) though in terms of degree and in terms of whether 
these parameters reach a minimum value and then begin to climb, or 
whether they merely plateau, this is still very much undecided. Cohen 
and Thomson (34) described a decline in both until the ninth month, when 
they begin to rise again. Lund and Donovan (115), on the other hand, 
described a 10 percent decrease in hematocrit by 8 weeks, followed by a 
continuing decline to a plateau late in pregnancy. During the first few days 
after delivery this value recovers halfway to control levels, requiring 
another 5 to 8 weeks to normalize completely. Metcalfe and Parer (131) 
found no significant difference when hematocrit determinations in near- 
term ewes were compared with postpartum values. They speculated that 
this may have been influenced by the fact that the ewes received iron 
therapy. 
These changes in blood volume, hemoglobin concentration,and 
hematocrit can logically be broken down into changes in plasma volume 
and red cell mass. 
Plasma volume. --Numerous investigations have demonstrated 
increases in plasma volume beginning early in pregnancy, persisting into 
the early puerperium, and amounting to anywhere from 35 to 100 percent 
above nonpregnant control levels (12, 26, 33, 127, 145, 156, 182). Others 
(177) have found declines in plasma volume near term. It is frequently 
pointed out that the low hematocrits and hemoglobin concentrations found 
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in pregnancy are largely due to hemodilution by a rising plasma fraction 
(8, 115). Bader and Bader (8) indicate in their review that it is generally 
held that plasma volume increases progressively to term. In a study 
using Evans blue, Lund and Donovan (115) found that plasma volume in¬ 
creased steadily, beginning in the sixth week of pregnancy, and reached 
50 percent above nonpregnant levels at term. They also described a con¬ 
siderably increased individual variation. Interestingly, when they ad¬ 
justed for maternal weight changes, plasma volume plateaued at 37 per¬ 
cent above normal at 24 weeks. In addition, following delivery plasma 
'volume decreased slowly to normal over a two-month period. 
Douglas et al (45, 46) came to similar conclusions by infusing 
saline into normal, pregnant, and nephrectomized rats, and noting the 
transit rates of fluid into the interstitial space. Their results are com¬ 
patible with prior dilution of plasma proteins by pregnancy-related plasma 
expansion. 
Smith and Yarbrough (171) showed the predictability of these 
changes by using computerized linear regression techniques to develop a 
formula for plasma volume, based on body weight and surface area. 
Their correlation coefficient was 0. 68. On the other hand, Hytten and 
Paintin (92), studying 39 primigravidas, found that maximum plasma vol¬ 
ume ranged from 630 to 1940 ml with a mean of 1230 ml. These values 
correlated far better with birth weight of the baby than with size of the 
mother. Similarly, Thomson et al (177) found that maternal plasma vol¬ 
ume in a twin pregnancy increased to two-fold the mean increase noted in 
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a series of single pregnancies. 
After studying 114 healthy pregnant women on balanced, iron- 
supplemented diets, Liley (109) concluded that a low hemoglobin is far 
more likely to imply hemodilution rather than true anemia. And Richter 
et al (156) found that approximately 50 percent of the reduction in hemato¬ 
crit of 14 pregnant subjects was due to plasma expansion. In a compre¬ 
hensive review of 31 published reports involving 1400 subjects, Chesley 
(27) found a mean 42 percent absolute increase in plasma volume and a 
weight-adjusted increase of 29 percent. He, further, cited an unpublished 
paper (32) demonstrating that the late decline in plasma volume shown by 
some studies of supine subjects is artifactual, since "mixing of the dye is 
erratic and fluid is lost from the plasma into the interstitial space of the 
lower extremities. ” 
Low et al (113), in a similar study, arrived at a 41 percent in¬ 
crease. However, they went on to distinguish between three separate 
categories of subjects, based on third trimester trends. A plasma volume 
steadily increasing until term was found in 27 percent; 30 percent showed 
no change in plasma volume during the last trimester; and 43 percent had 
decreasing terminal values after achieving a maximum at 33 weeks. 
These authors postulated some unknown factor which acts slowly and 
throughout pregnancy in the first group, and so rapidly in the third group 
that peak effect is reached well before term. 
Total red cell mass. --There is little agreement in the literature 

-19- 
as to what happens to total red cell mass during a normal pregnancy. 
Most studies (8, 26, 113, 127, 145, 146, 156), generally using ^Cr or ^P, 
have described absolute increases ranging between 10 and 40 percent. 
Lowenstein et al (114) pointed out that iron therapy may have some effect 
on these results; they found a 28 percent increase in red cell mass in 
treated subjects, as compared with a 15 percent increase in subjects on 
nonsupplemented diets. Chesley (27) demonstrated that red cell volume 
increased steadily, achieving a mean increase of 350 ml by term. 
Thomson et al (177) felt that a peak value was reached simultaneously 
with peaking of plasma volume at approximately 7| months. Both papers 
are in agreement, however, that plasma volume increases well in excess 
of red cell volume, producing hemodilution. No change was found by 
Gahres et al (53) and Lund and Donovan (115) when red cell volume change 
was related to weight increase, although absolute values corresponded to 
those described earlier. In contradistinction to these trends, Himes and 
Greenspan (82), measuring both red cell mass and total hemoglobin in a 
large series, and Verel et al (182), studying only red cell mass, found no 
change throughout gestation although hematocrit and hemoglobin concen¬ 
tration in the first series did decline to minimum values at about 7 months. 
Further, Barcroft et al (12) studying sheep, and Flanagan et al (50) in a 
study of 17 women, found decreases in red cell mass during pregnancy. 
In view of these variable results, it would seem that more direct 
parameters of erythrokinesis such as plasma iron turnover, red cell 
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Utilization, and erythropoietin determinations, as well as bone marrow 
aspiration should be more conclusive. Holly (84) in 1957 measured Fe 
utilization times in 4 pregnant women, 3 of whom had hemoglobin levels 
between 8 and 9 gm percent. Although complete utilization was achieved 
in nonpregnant controls in 7 to 10 days, and in iron-deficient subjects 
much earlier, 14 days were required in these 4 women. It was concluded 
that pregnancy is associated with bone marrow depression. This data is 
of questionable significance, since, with hemoglobin levels this low, 
these women are certainly not a typical population. Holly and Grund (85) 
then published a study in which 19 pregnant subjects were subjected to 
bone marrow biopsy and 7 were studied with Fe. They reported scant 
marrow storage iron. They also noted decreased plasma iron turnover 
and red cell iron turnover rates, which were again felt to be compatible 
with bone marrow depression. In addition, studies by Manasc and Jepson 
(117), and by Mauss (120), showed increased plasma erythropoietin levels 
in mid to late pregnancy, suggesting the possibility of a primary marrow 
depression. 
Hemodynamic changes 
Cardiac output. --The three primary means of determining car¬ 
diac output are the direct Fick technique, the dye dilution method, and the 
indirect Fick technique. The first of these is based on a principle ex¬ 
pressed by Adolph Fick in 1870: ’’The total uptake or release of a 
' 
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substance by an organ is the product of the blood flow to the organ and of 
i 
the arteriovenous concentration of the substance” (90). Thus, cardiac 
output can be calculated in reference to the pulmonary release of oxygen 
into the circulation. This obviously requires careful measurement of 
oxygen consumption as well as the difference between arterial and mixed 
venous oxygen tensions. The latter value necessitates cardiac catheter¬ 
ization to obtain an adequately mixed sample from the pulmonary artery. 
The dye dilution method is, technically, far easier to use, yet offers 
comparable accuracy. A measured quantity of dye is injected, usually 
into an antecubital vein. This is then monitored by means of an oximeter 
as it flows through a peripheral artery. The curve so constructed is used 
to calculate cardiac output. The indirect Fick technique, based on use of 
substances such as nitrous oxide or acetylene, is now infrequently used, 
and is less accurate than the other methods. 
Ever since Lindhard (111) measured cardiac output in a pregnant 
woman in 1915, using nitrous oxide, and found a 50 percent increase, 
there has been an ever-increasing stimulus to quantify the various hemo¬ 
dynamic alterations associated with gestation. 
The majority of cardiac output determinations since Lindhard, 
using direct Fick, dye dilution, and acetylene techniques, have corrob¬ 
orated his findings, showing increases of from 25 to 65 percent. Most of 
these also claimed that maximum values occurred between the twentieth 
and thirty-sixth weeks, after which output declined toward normal 
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levels (4, 8, 22, 24, 34, 131, 178). Some of the more recent studies, (69, 
106) involving subjects in positions other than the supine, have disputed 
this terminal reduction in cardiac output. Lees et al (106) measured car¬ 
diac output by the dye dilution technique in a small series of healthy 
primigravidas in both the supine and lateral positions at varying times 
during gestation. They found that, although cardiac output increased 
significantly during the first trimester, it remained constant thereafter, 
except in the supine position, where a terminal fall was noted. 
Ueland et al (178) described an increasing difference between 
cardiac output determined in the supine and lateral positions as pregnancy 
progresses. However, even in the lateral and sitting positions they 
showed mild declines in cardiac output during the last 8 weeks. The left 
horizontal and left Trendelenburg positions were associated with a 13 per¬ 
cent increase in cardiac output near term, as compared with a 17 to 18 
percent decrease when the supine Trendelenburg or lithotomy positions 
were used in a study by Vorys et al (183). The latter group felt that pres¬ 
sure of the gravid uterus on the inferior vena cava, causing decreased 
venous return, was responsible. ' Walters et al (185) drew the same con¬ 
clusion studying 30 pregnant women serially in the supine position using 
a photoelectric earpiece with the dye dilution technique. 
Ueland et al (178), using the dye dilution technique with indo¬ 
cyanine green, found that mild exercise on the order of 100 kpm/min with 
a bicycle ergometer produced a constant increase in cardiac output of 
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75 percent above normal throughout pregnancy. Moderate exercise (200 
kpm/min) resulted in a steadily decreasing increment in cardiac output 
from 120 percent above normal at 20 to 24 weeks to 71 percent above nor¬ 
mal at 38 to 40 weeks. Guzman and Caplan (69) found a normal ratio of 
change in cardiac output to change in oxygen consumption with exercise, 
implying good myocardial reserve. They also found a decreased arterio¬ 
venous oxygen difference in the resting state. Burwell et al (24) and 
Douglas et al (47) reported an increase in cardiac output in excess of the 
increase in oxygen consumption, which also implies a decrease in arte¬ 
riovenous oxygen difference. Bader et al (9) and Flanagan et al (50) also 
reported increased oxygen consumption, without making comparisons 
with cardiac output changes. Studying monkeys, Peterson and Behrman 
(141) found that, although cardiac output peaked in midpregnancy, oxygen 
consumption rose more slowly to a comparable peak at term. Thus, the 
2 parameters did not change in parallel during the second half of pregnancy. 
Cohen and Thomson (34) found that velocity of blood flow was in¬ 
creased in pregnancy, and Rovinsky and Jaffin (160) measured a 16 percent 
increase in circulation time. 
Direct cardiac catheterization data have invaluably supplemented 
the limited information available from less invasive studies, although 
results of even these techniques have been far from uniform. In 1948, 
in one of the earliest of such investigations, Werko et al (192) found little 
change in resting cardiac output using the direct Fick method. They did, 
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however, note an increased oxygen consumption, which was attributed to 
intrauterine metabolism. Right atrial, right ventricular, and pulmonary 
artery pressures were reduced. Hamilton (71), using the Cournand 
right heart catheterization in a large series of pregnant women studied 
in the supine position, found that cardiac output begins to increase be¬ 
tween 10 and 13 weeks, reaches a maximum of 27 percent above nonpreg¬ 
nant levels at 26 to 29 weeks, and then falls to normal by term. He also 
found a slightly decreased arteriovenous oxygen difference, and a normal 
right atrial pressure. Similarly, Palmer and Walker (138) catheterized 
88 pregnant women and showed that cardiac index increased from 2. 9 to 
c\ 
3. 6 liters/min per m , and then normalized near term. In this study, 
too, arteriovenous oxygen difference decreased; however, they noted an 
increase in right atrial pressure. 
Bader et al (10) and Rose et al (159) described a study in which 
46 women were catheterized in the supine position between 14 weeks and 
term. They found that cardiac output rose to 40 percent above control 
levels by 25 to 27 weeks, and then declined to normal just prior to term. 
In comparison, oxygen consumption rose only 10 percent. They also 
found that left ventricular work increased between weeks 14 and 30, and 
then decreased to normal. There was no decrease in cardiac reserve 
with exercise as determined by the ability to raise cardiac output by over 
600 ml per 100 ml increment in oxygen consumption. Paradoxically, 
however, there was an increase in right ventricular end-diastolic pressure 
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in 5 of 26 resting and 10 of 26 exercised subjects between weeks 25 and 
35, which suggests some degree of myocardial failure. 
Studying postpartum subjects, Adams (4) noted that cardiac out¬ 
put rapidly rose to 30 percent above normal, and then slowly settled 
back to control levels over the next several weeks. 
Stroke volume versus heart rate. —Conflicting results are ob¬ 
tained when cardiac output determinations are broken down into stroke 
volume and heart rate changes. Metcalfe and Parer (131), studying 
pregnant ewes, and Ueland et al (178), in a small series of human sub¬ 
jects, attributed their findings of increased outputs largely to heart rate 
changes in the face of a constant or even declining stroke volume. On 
the other hand, Adams (4) claimed that cardiac output changes were 
based entirely on increases in stroke volume. Lees et al (106) also, in 
association with their finding of an early increase in cardiac output 
(supra, p. 22), described no consistent change in heart rate, either seri¬ 
ally or in relation to posture. The increased output was, therefore, 
totally ascribed to an increased stroke volume. Burwell (22), Rovinsky 
and Jaffin (160), and Walters et al (185) felt that modest increases in 
stroke volume were responsible. 
Blood pressure. - -Less variable data are obtained from serial 
arterial pressure determinations. Lees et al (106) and Bader et al (10) 
reported no change in pressure. Burwell et al (22, 24) found mild, al¬ 
though significant decreases in diastolic pressure, while systolic pressure 
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•remained constant. Landt and Benjamin (99) described a mean 13 mm 
Hg decrease in systolic pressure with a mean 17 mm drop in diastolic 
pressure during the first 4 months of pregnancy. Following a 3-month 
plateau, these values increased slightly until term. In a survey of al¬ 
most 34,000 pregnant women, Martin (118) reported that both systolic 
and diastolic pressures increased in the final 2 months of pregnancy— 
diastolic pressure increasing two-fold as much as systolic. Metcalfe 
and Parer (131) found that pregnant ewes showed a 16 percent drop in 
systolic pressure near term with no significant change in diastolic pres¬ 
sure. The general consensus, though, would seem to be that arterial 
pressure changes are relatively minor, and that the main factor in in¬ 
creasing the cardiac work, or more specifically the left ventricular work, 
of pregnancy is the increased cardiac output. 
Localized aspects of blood flow 
In addition to the direct Fick method there are two other major 
techniques in use for estimating regional blood flow: the flowmeter and 
the plethysmograph. The flowmeter techniques rely on alteration of ultra¬ 
sonic vibrations by a stream of blood in the case of the Doppler method, 
and on the creation of a potential difference under the influence of a mag¬ 
net in the case of the electromagnetic flowmeter. The plethysmograph 
is based on the fact that, when venous outflow from an anatomic part is 
occluded, arterial inflow will continue at a steadily decreasing rate. 
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This can be determined by recording the instantaneous rate of volume 
increase of the area at the exact moment of venous occlusion, and con¬ 
verting to rate of blood inflow. Changing skin temperatures have also 
been used as a rough index of blood flow. 
Extremities. --Thus, Burt (20) measured resting skin tempera¬ 
ture in 130 subjects and showed that the extremities became warmer as 
pregnancy progressed. By term, mean finger temperature had increased 
10° C and that in the toes had increased 4°. Herbert et al (80) examined 
peripheral circulation in 83 women by means of venous occlusion plethys¬ 
mography, digital plethysmography, and skin temperature measurements. 
They found that forearm flow increased 91 percent and leg flow increased 
70 percent during pregnancy. In addition, finger skin temperature rose 
1. 7° C, while that of the toe increased 2. 6°. These changes were inter¬ 
preted as consistent with arteriolar and capillary dilatation of the extrem¬ 
ities. Coincident with fixation of the fetal head, blood flow to the legs 
decreased. Abramson et al (3), using venous occlusion plethysmog¬ 
raphy in a smaller series found leg and forearm flow rates to be constant 
throughout pregnancy, whereas flow to the hands was significantly ele¬ 
vated, and remained so for approximately 2 months postpartum. 
Renal. --Sims and Krantz (170) examined renal hemodynamics 
in 12 pregnant subjects between 15 and 40 weeks gestation in the "semi- 
supine. " They found that, in early and midpregnancy, renal plasma flow 
was 25 percent above normal; it dropped to control levels during the third 
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trimester and, interestingly, remained below normal for several months 
postpartum. This pattern, they felt, correlated better with cardiac output 
than blood volume changes. They further showed that glomerular filtra¬ 
tion rate was elevated by 50 percent throughout pregnancy, and that fil¬ 
tration fraction was increased 40 percent near term and in the early 
puerperium. A similar investigation by deAlvarez and Bratvold (41) 
found that glomerular filtration rate increased 50 to 60 percent during the 
first trimester, and then fell below normal. Renal plasma flow followed 
the same course, but remained above normal until the third trimester 
when it, too, dropped below control levels. In contrast, filtration fraction 
was decreased during the first two trimesters, but rose near term, as in 
the Sims study. 
Liver and brain. --Munnell and Taylor (135), using the direct 
Fick method with bromsulphthalein and a catheter in the right hepatic 
vein, found a mean hepatic blood flow of 1554 ml/min per 1. 73 m^ (28. 5 
percent of cardiac output) in 15 normal pregnant women. This was com¬ 
pared with a mean flow of 1548 ml/min per 1. 73 m^ (35 percent of cardiac 
output) in 15 controls. Similarly, McCall (121) found no change in cerebral 
flow studied with the same technique, using 15 percent nitrous oxide, 
when the mean flow of 56 cc/100 gm per min in 9 pregnant women was 
compared with a mean of 54 cc/100 gm per min determined in 14 normal 
young men. 
Mammary. —Available information from animal studies suggests 
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a sizeable increase in mammary blood flow during gestation and lactation. 
Linzell (112) stated that mean flow increases from 28 ml/100 gm per min 
in dry goats to 45 ml/100 gm per min during lactation, in association 
with a two-fold increase in oxygen consumption. Metcalfe and Parer (131) 
pointed out a five-fold increase in mammary flow to about 1 liter/min in 
pregnant goats. 
Uterus. --In comparison to the sparse data available on the fore¬ 
going aspects of blood flow in pregnancy, there is a considerable volume 
of literature pertaining to blood supply to the pregnant uterus during 
gestation. 
Huckabee et al (89) studied anesthetized pregnant goats, using 
4-amino-antipyrine with the direct Fick method. They found that uterine 
flow rose to a maximum value of 588 ml/kg per min in early pregnancy, 
and then declined to a plateau at 277 ml/kg per min. Simultaneously, 
arteriovenous oxygen difference increased during the first half of gesta¬ 
tion, and then plateaued. They stressed that, while the maximal oxygen 
consumption during the second half of pregnancy was 10.1 ml/kg per min, 
this is not great compared with normal values in liver and brain, for 
example, in nonpregnant animals. In a similar acute study of 20 preg¬ 
nant ewes, using nitrous oxide, Metcalfe et al (133) had somewhat lower 
results for uterine flow. 
Cotter et al (36) examined pregnant goats, using antipyrine. 
This study involved indwelling catheters in unanesthetized, unstressed 
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animals. They found that, during the first 60 days, uterine blood flow 
per kilogram was proportionately greater than oxygen consumption per 
kilogram. Thus, it was found that arteriovenous oxygen difference de¬ 
clined considerably during this period. Throughout the rest of gestation, 
these two parameters increased proportionately. These authors’ values 
for uterine flow were somewhat greater than those obtained in the two 
acute studies cited above--mean flow in early pregnancy was 671 ml/kg 
per min, but dropped to a plateau of 354 ml/kg per min; the peak oxygen 
consumption was 8.1 ml/kg per min. 
Metcalfe et al (130), using 4-amino-antipyrine to determine 
uterine blood flow in pregnant unanesthetized sheep, found that flow in¬ 
creased progressively until term when values in excess of 1 liter/min 
were obtained. This was in accord with results of studies with anesthe¬ 
tized animals. Leduc (104) injected labeled microspheres into the left 
ventricles of 78 anesthetized rabbits during the final 4 days of their 31- 
day gestation. He demonstrated a steady increase in placental blood flow, 
which correlated far better with fetal weight changes than with placental 
weight. Peterson and Behrman (141), working with Macaca mulatta 
monkeys near term, found that uterine flow was 2. 6 percent of cardiac 
output at midpregnancy and 8. 6 percent of cardiac output near term. How¬ 
ever, uterine flow per gram of uterine contents actually decreased during 
pregnancy due to the rapid growth of products of conception. They also 
found that the change in uterine oxygen consumption due to pregnancy 
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represented less than one-third the total increase in maternal oxygen 
consumption. 
Metcalfe et al (132) studied 14 women at caesarean section, us¬ 
ing 15 percent nitrous oxide by mask, following catheterization of a para- 
metrial tributary of a uterine vein. Mean uterine blood flow was 492 
cc/min (12. 4 cc/100 gm per min) with a mean oxygen consumption of 
24. 5 cc/min (7. 5 cc/min per kg birth weight of infant). These results 
are consistent with those reported from animal studies. One patient with 
twins had approximately double this level of uterine flow. Exactly com¬ 
parable results for uterine flow in single and twin pregnancies were also 
reported by Romney et al (158). Both the direct Fick technique with 
nitrous oxide and flowmeter measurements were utilized by Assali et al 
(7) in studying 12 women undergoing abortion by hysterotomy between 9 
and 28 weeks. Uterine blood flow and oxygen consumption were found to 
increase steadily, but were constant when adjusted for uterine weight 
changes. Both methods yielded comparable results. 
In a separate study Assali et al (6) investigated 30 term patients 
at caesarean section and 18 postpartum patients at tubal ligation, by 
means of uterine vein catheterization. They showed that uterine blood 
flow decreased from 15 cc/100 gm per min before delivery, to 9 cc/100 
gm per min following delivery. Oxygen consumption dropped from 1. 9 
to 1. 0 cc/100 gm per min—these values were well in excess of those 
derived from Metcalfe’s study. Vascular resistance was found to rise 
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from 6 to 9 mm Hg/cc per 100 gm per min. 
Reynolds (154) suggested that estrogens were directly respon¬ 
sible for this uterine hyperemia of pregnancy, by means of an induced 
increase in acetylcholine. He found that, whereas 17 of 19 untreated rab¬ 
bits had no uterine acetylcholine, 11 of 13 had considerable quantities 
1 hour after estrogen administration. 
Supine hypotension 
The consistent finding of reduced cardiac output in the supine 
position, as discussed above, is not merely an academic matter. One of 
the first to single out this phenomenon as a serious clinical concern was 
Hansen (73), who, in 1942, reported a greatly increased likelihood of 
shock in late pregnancy when the patient was forced to assume the supine 
position. Masters (119) in 1948, published a study of 1500 cases, in whom, 
during continuous caudal analgesia in the supine position, 30 percent de¬ 
veloped hypotension to below 90 mm Hg systolic pressure. This abated 
immediately on assumption of the lateral position. Fifty patients, of 
whom 75 percent had systolic increases, and 60 percent diastolic in¬ 
creases of at least 10 mm Hg on being turned from the supine to the lat¬ 
eral position, were reported by McRoberts (129). Howard et al (88) 
found that 11 percent of 160 women near term had drops of at least 30 mm 
systolic pressure in the supine. Numerous other studies of supine hypo¬ 
tension (25, 86, 100, 149, 164, 199) have described similar findings, 
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ranging in severity from asymptomatic hypotension to the report of 17 
deaths due to circulatory shock (87). Several of these also noted amelio¬ 
ration of hypotension following engagement of the fetal head, and one 
paper reports a dramatic reversal of severe hypotension immediately 
following delivery (199). 
In 1943, McLennan (126) compared antecubital and femoral ve¬ 
nous pressures in a large series of pregnant women. He found no change 
in antecubital pressures, but a steady increase in femoral pressure from 
9.14 cm H2O in early pregnancy to 24. 37 cm at term. He attributed 
this to mechanical obstruction to venous return by the gravid uterus. 
Wright et al (198), in 1950, arrived at a similar explanation by serially 
24 
measuring foot-to-groin and hand-to-axilla flow times with Na . He 
showed no change in arm flow times, but at least a two-fold increase in 
flow times in the legs. Pritchard et al (147) compared renal function in 
the lateral and supine positions in late pregnancy and found a 43 percent 
decrease in urine flow, a 44 percent decrease in sodium excretion, and 
a 7. 5 percent drop in renal plasma flow in the supine. They felt this to 
be more on the basis of venous compression by the uterus than due to 
ureteral compression. Rather direct proof of this phenomenon has been 
advanced by 2 more recent studies. Scott and Kerr (165), in 1963, with 
manometric studies of inferior vena caval pressure in late pregnancy, 
found that, in the supine position, not only was transmission of respira¬ 
tory pressure changes between the thorax and distal vena cava abolished, 
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but also inferior vena caval pressure could not be elevated by manual 
compression of the vessel proximally. Kerr et al (97), the following year, 
performed venograms in 12 pregnant women. Ten of the 12 manifested 
complete obstruction at the level of the bifurcation of the inferior vena 
cava with marked collateral filling, while supine; the other 2 had partial 
obstruction. Venograms were normal in 8 of these women immediately 
following caesarean section. Repeat studies in the other 4 in the lateral 
position, showed a lessening of the obstruction. The authors concluded 
that inferior vena cava occlusion by the uterus is the usual course in 
pregnancy, and that the presence or absence of symptomatic hypotension 
relates to the adequacy of collateral flow. 
Lees et al (105) studied 8 patients near term and found that the 
supine position produced a decrease in right atrial pressure and stroke 
volume, with no change in rate or arterial pressure, implying an in¬ 
creased systemic vascular resistance. After several minutes, 2 of 
these women developed sudden bradycardia and a decreased vascular re¬ 
sistance with severe hypotension. Turning to one side produced imme¬ 
diate improvement in blood pressure, but a much delayed return of heart 
rate to normal. The authors pointed out the analogy of this reaction to 
a vasovagal attack. 
Bruce and Johnson (19) described an increased exercise toler¬ 
ance in pregnancy, produced by merely taping the legs. They, therefore, 
ascribed this apparent reduction in cardiac reserve to peripheral pooling 
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of blood in association with vena caval obstruction by the uterus, rather 
than to declining cardiac function. Burwell et al (21, 23, 24) noted femoral 
venous pressures 100 to 200 mm H2O higher than that in the arms in late 
pregnancy. This was attributed to inflow of considerable amounts of 
blood by way of the placenta, and obstruction by the uterus. The supe¬ 
rior vena cavae in 18 pregnant women in the supine were catheterized 
by Colditz and Josey (35). Their finding of a significant decrease in cen¬ 
tral venous pressure in late pregnancy was, again, attributed to inferior 
vena caval compression. 
Changes during labor and delivery 
In recent years it has become increasingly obvious that the hemo¬ 
dynamics associated with labor and delivery involve a complex interaction 
of physiological, emotional, and purely mechanical stimuli. Hendricks 
(78) examined the hemodynamic effects of uterine contraction in pregnant 
women using the pulse pressure method of Remington et al (153) to esti¬ 
mate stroke volume. He found that, in the early phases of a contraction, 
approximately 250 to 300 cc of blood are expressed into the maternal 
venous system. There is a rise in systolic pressure of 10 to 20 mm Hg, 
and a smaller rise in diastolic pressure. Heart rate increases tran¬ 
siently, followed by a considerable drop by the time peak contraction 
occurs. Stroke volume first decreases, but shortly rises well above 
normal. Contraction is also accompanied by a rising lower extremity 
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venous pressure, but an unchanging pressure in the upper extremity. 
Hendricks attributed this to competition between venous outflow from the 
legs and that flowing from the uterus. As contraction proceeds, intra¬ 
uterine blood volume increases due to collapse of intramyometrial veins 
in the face of continued arterial inflow. Bader et al (8), however, 
claimed that the pulse pressure method is not among the more reliable 
techniques, and, in fact, Remington et al (153) in their original article 
pointed out a 26 percent discrepancy between directly-measured stroke 
volume and that calculated from pulse pressure. 
Harbert et al (74) undertook a similar study in monkeys by elec¬ 
tromagnetic flowmeter techniques. They found that, during the crescendo 
phase, before peak intrauterine pressure, the flow of events is as follows: 
Increasing amniotic fluid pressure leads to decreased flow into the uterus 
as well as a rising systemic blood pressure. This is followed, after 
several seconds, by decreased venous outflow from the uterus which re¬ 
duces venous return to the heart. The combined effects of a drop in 
venous return and a rising blood pressure result in significant lowering 
of cardiac output. After several seconds, cardiac output rises, osten¬ 
sibly due to a milking of uterine venous blood into the general circulation 
by the continuing contraction of the uterus. They further pointed out that 
the profound systemic effects of the contracting uterus are not surprising 
when one considers that 10 to 20 percent of maternal cardiac output flows 
through the term uterus. They explained the transient rise in arterial 
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pressure on the basis of elimination of the low resistance placental vas¬ 
cular bed from the circulation. One major contribution of this work was 
the demonstration that a brief decline in cardiac output precedes its 
augmentation during a contraction. 
Ramsey et al (151) studied placental drainage in 41 rhesus mon¬ 
keys by cineradiography, and found a markedly diminished uterine inflow 
and outflow during contraction, such that placental blood volume remained 
constant. This, of course, implies that the cardiac output changes are 
not due to augmentation of venous return by extrusion of uterine blood. 
This is contradicted by findings of Palmer and Walker (138), who deter¬ 
mined that pulmonary arteriovenous oxygen difference, right atrial pres¬ 
sure, and cardiac output are elevated during contraction. They attrib¬ 
uted the increased pulmonary arteriovenous oxygen difference to the 
presence in the pulmonary artery of increased volumes of uterine venous 
blood. 
Cunningham (37) reported that the first stage of labor was asso¬ 
ciated with increased venous and arterial pressures during contractions, 
as well as a progressively rising cardiac output. The hemodynamic 
events during the second stage were even more dramatic. Cardiac out¬ 
put rose 50 percent with each contraction. Systolic pressure exceeded 
200 mm Hg, and numerous extrasystoles were noted. Parturition resulted 
in a marked augmentation of right atrial pressure. The third stage of 
labor was accompanied by a transient rise in cardiac output due to a 
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greater increase in stroke volume compensating for a fall in heart rate. 
Right atrial pressure and systemic arterial pressure both decreased. 
Adams and Alexander (5) studied 21 patients by dye dilution 
techniques, finding a 19. 7 percent increase in cardiac output with each 
contraction, based entirely on heart rate changes. They explained the 
tachycardia mainly as a consequence of pain, anxiety, and increased 
muscular activity. In addition to this, blood pressure increases resulted 
in a rise in left ventricular work from 9. 02 to 11. 79 kg-m/min at peak 
contraction. They felt that the first stage of labor had no cumulative 
effect on cardiac output. Following delivery, an 18 percent increase in 
cardiac output was noted. This was due largely to stroke volume changes, 
which were ascribed to increased venous return. 
Hendricks and Quilligan (79), using the pulse pressure technique 
in 47 subjects, found an accumulative effect of labor on cardiac output 
which they attributed largely to pain and anxiety. During the first 24 
hours postpartum, a 22 percent increase in cardiac output was noted, 
and also ascribed to pain and anxiety since, they pointed out, placement 
of a brachial artery needle produced a 61 percent increase in output; a 
24 percent rise resulted from peritoneal stretching during caesarean 
section. Hansen and Ueland (72) corroborated this with the finding that, 
with complete abolition of pain by caudal analgesia, there was no accum¬ 
ulative change in cardiac output, nor was there a tachycardia during 
stage two and immediately following parturition, as occurred when 
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paracervical or pudendal blocks were used. In these latter groups, they 
also found a progressive increase in cardiac output by 40 percent during 
the second stage,and by an additional 20 percent shortly after delivery. 
Interestingly, each individual uterine contraction produced a transient 15 
percent increase in cardiac output and a 25 to 30 percent rise in stroke 
volume in the face of a reduction in heart rate, regardless of the mode 
of analgesia. 
Winner and Romney (196) studied 13 women and found that rate 
increased slightly during labor, peaking just prior to delivery. Blood 
pressure was constant except during contraction when it rose. There 
was little change in cardiac output, by dye dilution techniques, during 
contraction, but immediately postpartum a downward trend was noted. 
They likened the effects of labor and delivery to those of mild exercise. 
Niswonger and Langmade (136) used dye dilution techniques to 
compare a group of women delivered vaginally with a group delivered by 
caesarean section, and found no significant difference in cardiac output. 
Conduction analgesia was used on all subjects in this study. These authors 
did, however, note lowered central venous and arterial pressures in those 
women delivered by caesarean. 
Kerr (96) attributed the increased cardiac output, bradycardia, 
increased stroke volume, and reduced right atrial pressure following 
delivery to three factors. First, the inferior vena caval obstruction 
present immediately prior to delivery is removed by emptying of the 
, 
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uterus, thereby creating an increased effective blood volume. Second, 
blood loss during delivery probably cancels this effect. And third, the 
oxytocics employed are probably responsible, in large measure, for the 
net cardiovascular changes noted. 
Hypotheses regarding hemodynamic changes 
It would seem that the 2 major circulatory changes which take 
place in pregnancy are an increase in plasma volume and an increase in 
cardiac output--ignoring for the moment the fact that the two are by no 
means mutually exclusive. The remainder of this review, then will in¬ 
volve an attempt to clarify this situation by presenting the various theories 
which have been invoked to explain these changes, as well as introducing 
some thoughts on possible additional avenues of study. The issue of 
whether these parameters plateau, rise, or fall at term has not yet been 
adequately resolved. This will not be given further consideration here, 
however, as it obviously relates mainly to the need for better standard¬ 
ization of procedures by which they are investigated. 
Plasma volume changes. --The first aspect of this situation 
which ought to be dealt with is: to what extent is there retention of sodium 
and water in pregnancy, and how is this change mediated? 
In human pregnancy, there is a usual weight gain amounting to 
approximately 22 pounds, divided between the fetus and associated struc¬ 
tures, enlarging breasts, and an increased maternal nonbreast weight of 
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about 4 pounds (1, 40). It would seem, logically, that this tissue should 
have its own requirement for cellular sodium and water, in addition to its 
own vascular and interstitial spaces putting further demands on the mater¬ 
nal kidneys for fluid and electrolyte balance. Thus, it might be anticipated 
that fairly large quantities of these substances would accumulate. It is 
interesting that Pritchard (144), in a study of 8 cases of hydatidiform 
mole, found blood volume increases of from 3 to 40 percent--averaging 
21 percent--with a corresponding reduction in hematocrit due to hemo- 
dilution. Thus, it seems apparent that the presence of a fetus is not nec¬ 
essary for the hypervolemic changes of pregnancy, although it certainly 
may contribute. 
Chesley (30), in 1944, reviewed the literature, showing that 
pregnancy was accompanied by a gain of from 1. 6 to 8. 8 gm of sodium 
per week. It was concluded that much of this was stored in an osmotically 
inactive form as, otherwise, between 0. 5 and 2. 6 liters of water per 
week would have been retained. However, there is no evidence to support 
this concept. 
Barnes and Buckingham (13) studied sodium balance by closely 
monitoring input and output in a series of women during the first 6 post¬ 
partum days. They found a markedly negative balance, persisting even 
through the sixth day. This finding implies considerable sodium retention 
during pregnancy. 
MacGillivray and Buchanan (116) used ^Na to determine total 
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exchangeable sodium. They found that 16 primigravidas near term had 
a mean of 48. 3 mEq/kg, 8 subjects early in pregnancy had 46. 2 mEq/kg, 
and 32 preeclamptics were not significantly different from these. Twenty- 
four control women had a mean value of 41. 5 mEq/kg, which was signifi¬ 
cantly lower. On the other hand, Plentl and Gray (142) studied 34 normal 
term pregnancies and 21 preeclamptics, as well as a control group. Us¬ 
ing ^Na, they found that mean total exchangeable sodium, in mEq/kg, 
was not significantly different in nonpregnant women compared with those 
in the third trimester--40. 2 and 39. 6, respectively. Toxemics, however, 
had a significantly different mean of 46. 0. Thus, while there was no 
excess sodium retention when adjusted for weight change, there was an 
absolute increase in body sodium. 
McCartney et al (122) compared 16 healthy pregnant women at 
term with one nonpregnant subject. Exchangeable sodium was 52. 9 mEq/kg 
in pregnancy compared with a control level of 49. 0. They also found that 
the Na space, which offers a high measure of extracellular fluid volume 
(since its volume of distribution is somewhat greater than the true extra¬ 
cellular fluid), increased from 35. 5 percent to 40 percent. Using deute¬ 
rium oxide they showed that body water content increased to 79 percent of 
fat-free weight at term, compared with 70. 2 percent in their control 
patient. 
Dieckmann and Pottinger (43) reported, from balance studies in 
human pregnancy, that 50 mEq of sodium are retained per Kilogram 
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weight gain. Roughly similar results were obtained by Lichton (108), who 
found a net retention of 83 mEq of sodium per kilogram weight gain in 
pregnant rats. Fifteen percent of this retention occurred during the first 
trimester, 23 percent during the second, and 62 percent during the final 
trimester. At term, in association with an elevated extracellular fluid 
volume, these animals had a diminished ability to handle a water load 
although sodium excretion was normal. Finding no significant difference 
between total sodium retained and that present in the fetuses, these authors 
concluded that sodium does not accumulate significantly in maternal tissues. 
Chesley (29)and Chesley and Chesley (31) reported on a large 
series of pregnant subjects near term, whose extracellular fluid volumes 
were determined with thiocyanate, in whom the average water gain was 
6. 3 liters, of which only 1.5 to 2 liters were distributed to the products 
of conception and only a small fraction of the remainder found its way into 
the blood. Thus, they concluded that expansion of the interstitial space 
occurs in the mother. 
Seitchik and Alper (168) calculated cell mass, extracellular volume, 
and mineral mass in 4 pregnant and 4 nonpregnant women, using antipyrine 
to determine total body water, and mannitol to measure extracellular 
fluid volume. They found that the latter increased in proportion to change 
in cell mass. Similarly, Seitchik (167), in a study of 126 subjects, using 
helium to estimate total body volume and deuterium oxide to measure 
total body water, reported that, although there was increased hydration 
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of fat-free mass in pregnancy, there was no change in total body density. 
He, therefore, stated that the accumulation of water and fat-free solids 
was "accounted for by the conceptus and the known physiologic and ana¬ 
tomic adjustments of pregnant women. " 
Thus, the aspects of tissue acquisition in pregnancy, as noted 
earlier, would certainly be expected to reduce effective circulating volume 
by drawing off needed sodium and water. Except for the evidence offered 
by Douglas et al with regard to elevation of mean circulatory pressure 
(see p. 50 ), this latter mechanism is one plausible explanation for the 
increased fluid retention of pregnancy. 
How is this obvious demand for fluid and sodium retention put in¬ 
to action? Chesley (28)partially attributed the sodium and water retention 
to a direct effect of placental hormones on the renal tubules. He also 
noted that antidiuretic hormone and adrenal corticosteroids were elevated 
in pregnancy. deAlvarez and Bratvold (41) suggested that the decreased 
glomerular filtration rate, which they found during the second half of 
pregnancy, was responsible for increasing sodium reabsorption in the 
renal tubule. This conclusion, of course, is presently as uncertain as 
the premise from which it is drawn. Sims and Krantz (170) felt that ele¬ 
vated thyroxin, somatotropin, and adrenocortical hormone levels may be 
partially responsible for this increased renal function. However, there 
is no evidence to implicate either thyroxin or somatotropin in the process 
of sodium retention. 
PIf in " 
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There is ample evidence that circulating aldosterone is one of 
the major stimuli to renal sodium retention. More recently, it has been 
shown that increased aldosterone secretion is stimulated in part by the 
renin-angiotensin system, with which the kidneys are far more intimately 
involved (55, 81, 101). Thus, much of the research into sodium and water 
metabolism in pregnancy has been directed toward analysis of these par¬ 
ticular hormones and substances like them. 
Venning et al (181), in 1957, performed serial bioassays of uri¬ 
nary aldosterone in 5 healthy pregnant subjects. They found that excre¬ 
tion rose from 1 to 6 ugm/24 hours in the nonpregnant state, to 6 to 12 
ugm/24 hours in early pregnancy, and to 22 to 34 ugm/24 hours near term. 
These authors were unable to explain these elevated aldosterone values 
in the face of high body sodium and water levels. Rinsler and Rigby (157), 
also in 1957, reported a rise in aldosterone from a control level of 6.1 
ugm/24 hours to a mean of 119. 2 ugm/24 hours during the final 8 weeks 
of gestation in 6 pregnant women. They suggested that this was a re¬ 
sponse to the need to maintain extracellular fluid volume in the presence 
of competition for available sodium and water by fetal and newly-formed 
maternal tissues. Two years later, Venning et al (180) extended these 
findings, showing that, not only does this elevated aldosterone excretion 
persist in the early puerperium, but also that only very small quantities 
of aldosterone appear in the urine of adrenalectomized pregnant subjects. 
This evidence fairly convincingly points to the adrenals, and rules out the 
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placenta, as the major source. 
In accord with the known interrelationship of aldosterone- 
secreting mechanisms and the renin-angiotensin system, Brown et al (18) 
found elevated plasma renin levels in 38 pregnant women compared with 
17 control subjects. There was, however, no significant variation in plasma 
renin during pregnancy in this study. Levels returned to normal within 
the first 2 postpartum months. Genest et al (56), in their monograph on 
hypertension, described elevated renin activity in pregnancy. 
Renin acts catalytically on renin substrate--or angiotensinogen-- 
to produce angiotensin I which is converted to angiotensin II, the active 
principle capable of stimulating release of aldosterone. Renin activity is 
generally expressed in terms of quantity of angiotensin II produced over a 
given time course. An increase in renin substrate, therefore, will result 
in a measured increase in renin activity, regardless of whether the renin 
level, itself, changes. Thus, Helmer and Judson (77) distinguished be¬ 
tween measures of renin substrate and renin activity on the one hand, and 
renin levels on the other. They pointed out that, in pregnancy, the first 
two of these are elevated far more than the latter, and, in fact, in the last 
8 weeks of pregnancy, 12 of 15 subjects had above normal renin activity, 
but only 6 of these 12 still had elevations of direct renin levels. They 
went on to theorize that, in late pregnancy, while sodium and water reten¬ 
tion have been sufficient to return renin output to normal by negative feed¬ 
back mechanisms, renin substrate continues to be elevated, and persists 
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in expressing itself through increased aldosterone output. 
Assuming that the renin-angiotensin-aldosterone interaction is 
the primary mediator of this sodium and water retention, the next ques¬ 
tion to be asked is: are there other influences responsible for the exces¬ 
sive activation of this system in addition to the accelerated growth 
occurring in pregnancy? 
Several studies indicate that a direct effect of the hormones of 
pregnancy may be responsible. Thus, Helmer and Griffith (76) found, 
in 1952, that 7 daily injections of 0. 02 mg of diethylstilbestrol into normal 
male rates produced elevations in plasma renin substrate to nearly two¬ 
fold the original levels. Layne et al (103) reported that administration 
of progesterone, Enovid, and norethynodrel to women resulted in in¬ 
creased aldosterone secretion. In a study of 6 women on oral contracep¬ 
tives, Walters and Lim (184) showed that plasma volume rose from 3. 035 
to 3. 443 liters. They suggested that estrogen-induced elevation of aldo¬ 
sterone was responsible. 
Witten and Bradbury (197) showed that, by administering various 
estrogen preparations for between 4 and 10 days to 16 nonpregnant women, 
they could induce falls in red cell counts, hematocrits, and hemoglobin 
concentrations which returned to normal within 5 to 8 days following 
cessation of treatment. Evans blue studies in 3 of the 16 subjects showed 
an 18 percent average increase in plasma volume--enough to account for 
the changing red cell values. Similarly, Franklin et al (51) treated 4 
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female goats for 4 to 6 weeks with daily intramuscular injections of 150 
mg of progesterone. Their finding that cardiac output declined from 6.1 
to 4. 9 liters/min sparked the suggestion that this may have been due to 
a decrease in venous tone, with a resultant rise in vascular capacity. 
These two studies bring to mind the second consideration that perhaps 
the primary effect of estrogens or progesterones is to decrease effective 
circulating blood volume which, in turn, stimulates activity of the renin- 
angiotensin system. 
Among the first to study estrogen effects on the vessels were 
Reynolds and Foster (155) who in 1940 showed that injected estrogen di¬ 
lates venules of the ears of ovariectomized rabbits within minutes. They 
also stated that estrogen dilates the small vessels of the skin and nasal 
mucosa in women. It was suggested that these effects are mediated by 
acetylcholine, since they are antagonized by atropine. In fact, Ablad and 
Mellander (2) administered acetylcholine to cats intra-arterially and 
found that it directly dilates resistance and capacitance vessels. 
In 1943, McCausland (123) wrote that some hormone of pregnancy 
was responsible for a diminution in venous tone. McPheeters (128) made 
a similar suggestion several years later, noting that varicosities tend 
to become prominent in women during puberty, menstruation, early preg¬ 
nancy, and at the onset of menopause. 
Since these earlier reports, numerous studies have confirmed 
the fact that a decrease in venous tone does occur. Goodrich and Wood (62) 
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performed plethysmographic studies on the forearms and calves of a 
series of women on oral contraceptives, as well as a group of pregnant 
subjects, and constructed pressure-volume curves from this data. They 
noted a significantly decreased venous tone in both sites studied, which 
was unaffected by changing position from lateral decubitus to the supine. 
They also found that velocity of venous flow was decreased in the calf, 
although not in the forearm. In a second study, they (61) infused estra¬ 
diol into women and found a significant increase in venous volume of 
calves with no increase in arterial inflow. Thus, they concluded that, 
while estrogen increased venous distensibility, it had no effect on periph¬ 
eral arteries. McCausland et al (125) used digital plethysmography to 
show that, during pregnancy, there is a 150 percent rise in venous dis¬ 
tensibility which returns to normal during the first 8 to 12 weeks post¬ 
partum. Since a considerable proportion of this fall occurred around the 
fourth postpartum day coincident with breast engorgement, and since this 
latter event is related to a sharp reduction in estrogen levels, they sug¬ 
gested that their data supported the concept of an estrogen effect on the 
venous changes of pregnancy. Shortly afterward McCausland et al (124) 
studied 16 women weekly during the menstrual cycle, using the same 
technique. They found a 20 to 30 percent rise in venous distensibility 
during the cycle in a pattern suggestively paralleling changes in proges¬ 
terone levels. Ikard et al (93), using a Doppler ultrasonic flow detector 
to study 50 pregnant and postpartum women, found that velocity of venous 
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flow in the legs decreases as term approaches. Additional support for 
this hypothesis that hormonal factors affect venous distensibility comes 
from work by Danforth et al (39). These authors studied arteries and 
veins of pregnant and Enovid-treated rabbits and found, in both, in¬ 
creased smooth muscle elements, fragmentation of reticulum, and de¬ 
creased numbers of elastic fibers with dilatation of the vessel wall. 
They suggested progesterone as the cause. 
In contradiction to this considerable volume of evidence, 
Douglas et al (48), by stopping the heart and rapidly equilibrating intra¬ 
vascular pressures by the method of Guyton et al (68), found an increased 
mean circulatory pressure in pregnant dogs. They also noted a rise in 
central venous pressure. They pointed out that, just as the fact that blood 
volume in pregnancy is increased implies that elevated renin and aldo¬ 
sterone levels are not compensations for a progesterone-induced sodium 
diuresis, the information that mean circulatory pressure is increased 
implies that the augmented blood volume of pregnancy is not to compen¬ 
sate for an enlarged venous capacity secondary to estrogen-induced 
venodilatation--at least not entirely. 
An additional possibility for stimulation of the renal retention of 
sodium and water is the likely existence of some sort of arteriovenous 
fistula—either directly related to the low resistance bed in the placenta, 
or to a generalized effect throughout the body due to a diminished total 
peripheral resistance--as will be described in some detail later. 

-51- 
Epstein (49) reported that such a fistula can result in increased output of 
aldosterone. 
Cardiac output changes. - -The second major question to be 
answered is: why does cardiac output increase in pregnancy? Three 
explanations are offered: (1) increased plasma volume, (2) some manner 
of arteriovenous shunting, (3) a direct effect of the hormones of pregnancy 
on the heart. 
The first of these has already been discussed in some detail. 
It is perhaps only noteworthy to add that plasma volume exerts its influ¬ 
ence on cardiac output via changes in mean circulatory pressure--”the 
degree of filling of the systemic circulation,” as Guyton (67) calls it. As 
this pressure rises, venous return increases and, therefore, so does the 
cardiac output in accord with Starling's law. The only uncertainty in this 
explanation is the need to reconcile the elevated mean circulatory pres¬ 
sure noted by Douglas et al (supra, p. 50) with the vast evidence suggest¬ 
ing increased vascular capacitance as one of the chief stimuli to fluid 
retention in pregnancy. 
An arteriovenous fistula increases cardiac output by augmenting 
venous return and diminishing resistance to flow. Among the first to 
propose arteriovenous shunting in pregnancy were Bar croft et al (11). 
These authors noted in 1933 that the increase in uterine flow in the rabbit 
was proportional to the increase in size of the vascular bed. Further, 
they found that oxygen tension in the uterine veins decreased from 80 to 90 
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percent on the fourteenth day of gestation to 25 to 45 percent by term. 
They suggested that this early high oxygen tension was due to shunting 
through the placenta. This was not popularized as a major determinant 
of the observed hemodynamic changes until the idea was advanced by 
Burwell et al (21, 23, 24) in 1938. The stimulus behind this thesis was an 
extensive anatomical study by Spanner (173) in 1935 demonstrating that 
placental arteries and veins connect by way of large vascular spaces with¬ 
out intervening arterioles or capillaries. He also reported that, as is 
characteristic of arteriovenous fistulas, there was proximal dilatation of 
these arteries. Burwell noted that, in addition, the increased heart rate, 
pulse pressure, uterine venous oxygen tension, and the cardiac output 
elevated in excess of oxygen consumption (implying a reduction in arte¬ 
riovenous oxygen difference), as well as the decreased diastolic blood 
pressure and the presence of placental bruits in pregnant dogs, were all 
compatible with arteriovenous shunting. Furthermore, he explained the 
terminal decline in cardiac output in supine subjects as a result of pla¬ 
cental degeneration and diminished shunting. Indeed, Zeek and Assali 
(200) examined 562 human placentas in microscopic detail and described 
obliteration of portions of the maternal placental circulation in term and 
near-term specimens. 
Shortly thereafter, Thomson et al (177), based on their study of 
blood and plasma volume changes in pregnant women (supra, p. 13), 
concluded that the near-term decline in blood volume was excessive in 
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relation to the reported late changes in placenta and, therefore, could 
not be accounted for solely by invoking placental necrosis. 
Douglas et al (47) felt that part of the decreased total peripheral 
resistance frequently noted in pregnancy is due to intraplacental shunting. 
In a study of single and twin pregnancies, Rovinsky and Jaffin (160) de¬ 
scribed a 10 percent lower total peripheral resistance in twin pregnan¬ 
cies as the major hemodynamic difference between them. They suggested 
that this offered additional support for the placental shunt hypothesis. 
Brown et al (17), investigating peripartum changes in pulse rate of 28 
women, found a decrease by at least 10 beats/min in only 7 of 23 at 30 
minutes after vaginal delivery and in 11 of 24 at 2 hours postpartum. In 
contrast, 3 out of 4 women delivered by caesarean section, who there¬ 
fore did not experience the stresses of labor, demonstrated rate de¬ 
creases of this magnitude. The authors suggested this as evidence in 
favor of sudden occlusion of an arteriovenous communication. 
Glaviano (60) studied cardiac output via the direct Fick technique, 
as well as rate, venous pressure, arterial pressure, and uterine flow 
before and after bilateral occlusion of the uterine arteries in 11 pregnant 
dogs. This procedure resulted in a 13 percent decrease in cardiac out¬ 
put in addition to elevation of both systolic and diastolic pressures. Simi¬ 
lar changes did not occur following occlusion of a femoral artery, but 
were noted after occlusion of a surgically-created fistula. Although this 
data, too, supports the doctrine of placental arteriovenous shunting, the 
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authors cited hormones as a probably more important factor. Palmer 
and Walker (138) invoked possible endocrine effects to explain the circu¬ 
latory changes of the first trimester, before the placenta is large enough 
to merit consideration. Also deemphasizing placental influence, Guzman 
and Caplan (69) advised that, although their finding of a decreased arte¬ 
riovenous oxygen difference (supra, p. 23) implies shunting, the greatest 
change in cardiac output occurs well in advance of significant placental 
blood flow; also, cardiac output and blood volume changes do not corre¬ 
spond perfectly. They concluded that ovarian and placental hormones 
are largely responsible. Ramsey (150) described studies in monkeys 
which showed that maternal arterial pressure is 60 to 70 mm Hg greater 
than that in the placental intervillous space. This information, of course, 
suggests minimal placental shunting. Also, Hamilton (71) felt that his 
finding of a normal right atrial pressure (supra, p. 24) was incompatible 
with significant shunting. 
Winner (195), in a review of the subject, refuted Burwell's 
original papers on placental arteriovenous shunting. First, bruits are 
heard frequently without the need to invoke such a phenomenon, and are 
assumed merely to imply turbulent flow. Second, the increase in cardiac 
output exceeds the increase in uterine blood flow in early pregnancy, and 
just the opposite occurs near term. Finally, whereas an arteriovenous 
fistula induces an increase in peripheral vascular resistance, in preg¬ 
nancy, when cardiac output is maximal, peripheral resistance is at its 
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lowest point. He, therefore, presented the interesting concept that, 
rather than the placenta, it is the entire body which acts as a shunt in 
pregnancy. 
There is considerable evidence favoring this point of view. 
Bader et al (10), in their catheterization study (supra, p. 24), found 
that total peripheral resistance decreased between weeks 14 and 30, 
after which it returned toward normal. They also reported that, be¬ 
cause the oxygen consumption rose only 10 percent, compared with a 40 
percent rise in cardiac output, increased metabolic demands of pregnancy 
could not be regarded as the main factor here. Abramson et al (supra, 
p. 27), in their study of 13 pregnant women, came to a similar conclu¬ 
sion based on the finding that blood flow to the hand remained increased 
for a considerable time postpartum. Likewise, Ueland et al (178) and 
Lees et al (106) pointed out that the rise in cardiac output outpaces fetal 
growth and, therefore, metabolism early in pregnancy. 
It is likely that hormones are significantly involved in this pro¬ 
cess. Diczfalusy and Lauritzen (42) reported that estradiol produced 
vasodilatation in the genitalia, pelvic organs, skin, and brain. Parer 
et al (139) administered 16 mg of estrone in 500 cc of saline intra¬ 
venously over a 100 min period to sheep. Within 3 hours they noted a 
9 percent increase in blood volume, a 14 percent increase in cardiac 
output, and a 23 percent rise in oxygen consumption accompanied by a 
decrease in total peripheral resistance, when these animals were 
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compared to a control group which received only 500 cc of saline. These 
results are certainly consistent with a hypermetabolic origin to the fall 
in resistance. In a similar study, Ueland and Parer (179) infused 4 
sheep with 80 mg of Premarin over a 4 hour time course. Cardiac out¬ 
put, heart rate, and mean arterial pressure were measured every 2 
hours during a ten-hour period. The same animals were used as con¬ 
trols in a similar trial. In the absence of any significant change in 
plasma volume they noted a 2. 3 liter/min rise in cardiac output, as well 
as a decrease in blood pressure and peripheral resistance. Similarly 
infusing 100 mg of estradiol into 2 animals, they found an increase in car¬ 
diac output and a drop in total peripheral resistance, but no change in 
blood pressure. 
Dolezal and Stepan (44) studied reactive vasodilatation in a 
series of pregnant and nonpregnant women. Vascular responses to vari¬ 
ous stimuli--sound, cold, pain, and mental stress--were quantified via 
finger plethysmography. They found that, in the controls, the ratio of 
dilator--constrictor responses was less than 0. 2. On the other hand, 
the ratios determined during the first, second, and third twelve-week 
periods of pregnancy, as well as at term, were 8. 4, 2. 4, 1.0, and 0. 4, 
respectively. Thus, early pregnancy, especially, is associated with a 
marked tendency toward peripheral vascular dilatation which, they sug¬ 
gested, may be related to chorionic gonadotropin levels. 
So, it is not unreasonable to assume some combination of 
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hormonal and metabolic factors in the etiology of this reduction in 
peripheral resistance. 
Another potential influence on cardiac output in pregnancy is a 
postulated direct effect of some hormone or hormones on the myocardium. 
The available information is highly contradictory (110). Research along 
these lines goes back at least to 1905 when Gowdey et al (63) bathed iso¬ 
lated frog heart preparations with estradiol and estrone and noted an 
increased contractility. Some reports merely present peripherally re¬ 
lated hormonal influences on the heart without implicating inotropic 
effects. Thus, Gitman and Greenblatt (59) demonstrated angiographically 
that estrogens are capable of dilating the coronary vessels. Scherf (163) 
showed in 1940 that estrogen administration corrected the A-V conduc¬ 
tion time prolongation coincident with menopause. Similarly, Lepeschkin 
(107) noted that estrogen treatment reverses the sinus tachycardia, S-T 
segment depression, and T wave inversion of menopause. Ratshow (152) 
noted that estrogens can sometimes produce rhythm changes. Further¬ 
more, T wave changes were related to estrogens in an electrocardio¬ 
graphic study by Gtilzow and Briisch (66). Prinzmetal et al (143) applied 
intracellular and surface electrodes to the left ventricular epicardium of 
14 dogs. Electrographs were then recorded both before and at 5 minute 
intervals after an intravenous dose of Premarin. They found no signifi¬ 
cant change in R-R or P-R intervals, or in duration, magnitude, or up¬ 
stroke velocity of membrane action potentials. 

-58- 
Gimeno et al (58) examined the effects of estradiol and proges¬ 
terone on both electrical and inotropic properties of the rat heart. They 
found that, in rat atria, there was a decreased conduction rate, as well 
as a decreased rate of depolarization and repolarization. These drugs 
also appeared to be negatively inotropic as measured by percent change 
in maximum tension development in rat myocardium. King et al (98) also 
studied the effects of estrogen on electrical and inotropic parameters in 
the myocardium. Three groups of animals were examined: control rats, 
ovariectomized untreated rats, and rats receiving 0.1 ugm of «*-estradiol 
daily following ovariectomy. Thirty days following surgery, the animals 
were sacrificed by decapitation, and left ventricular columnae carneae 
were studied. There was no significant difference in myocardial excit¬ 
ability, as determined by measurements of chronaxie and rheobase values. 
There was also no difference in refractory period. These authors, how¬ 
ever, did note a marked reduction in maximum tension developed--from 
0. 355 gm/mg in the controls, to 0. 253 in the operated, treated animals, 
to 0.156 in those castrated without replacement therapy. In addition, 
ventricular actomyosin was reduced to 50 percent of control levels in 
this latter group, and fell to intermediate levels in the estrogen- 
supplemented rats. Since ventricular weight remained constant, this 
data is consistent with a specifically decreased production of contractile 
protein in the castrated animals. On the other hand, Blake and Hazelwood 
(14) studied pregnant rats, and could find no change in myocardial 

actomyosin content. They did, however, describe elevated glycogen 
levels in the heart, which they suggested are due to a hypoglycemia- 
induced increase in growth hormone output. Interestingly, Diczfalusy 
and Lauritzen (42) reported that glycogen levels rose in the hearts of 
castrated animals. 
Kayne and Lifschitz (94) found no change in myocardial ATPase 
activity following castration of female rats. They implied that such 
findings may relate to the contractile status of the myocardium. 
Ueland and Parer (179) cited some of the similarities between 
the effects of estrogens and digitalis on the electrocardiogram and on 
myocardial glycogen deposition in support of the suggestion that estrogen 
may have a positive inotropic action. 
In a more direct investigation of myocardial performance, Hajdu 
(70) measured the percentage of maximum tension developed by the heart 
as a function of stimulation frequency. He then examined the effects of 
strophanthidin, progesterone, and other substances on the frequency 
necessary to produce 95 percent of maximum tension, and found that 
strophanthidin and progesterone produced equivalent inotropic results. 
Similarly, Tanz and Kerby (176) reported that their own unpublished data 
demonstrates a positive inotropic action of low concentrations of proges¬ 
terone on cat papillary muscle. On the other hand, Rubin and Salter (161) 
bathed cat papillary muscle in a progesterone-containing solution, and 
showed a negative inotropic effect as measured by reduced systolic 
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tension development. Prior treatment of these preparations with estrone 
or estradiol did not change this response. They also perfused isolated 
frog hearts with progesterone, and found a decreased amplitude of con¬ 
traction. Perfusion with estrone had no effect. Sayers and Solomon 
(162) bathed the hearts of adrenalectomized rats in aldosterone and noted 
improved cardiac performance as measured by left ventricular work 
index (the product of cardiac output and mean arterial pressure). A 
bath containing 0. 0005 ugm/100 ml elevated the work index from 42 to 74 
gm-m/100 mg. A solution 100 times as strong produced a value of 198. 
A series of control animals had a mean left ventricular work index of 169 
gm-m/100 mg. Unfortunately, no work has yet been reported regarding 
direct determinations of the contractile status of hearts from pregnant 
animals, or of hearts primed by hormone levels comparable to those 
found in pregnancy. 
While this review stresses the circulatory effects of "normal” 
pregnancy--in fact, studiously avoids any discussion of heart disease in 
the pregnant patient, not to mention toxemia, a consideration of one set 
of pathologic entities is not unwarranted in view of its potential value in 
the study of direct vascular and myocardial effects of hormones. It has 
been known for years that there is a remarkably high incidence of aneu¬ 
rysmal rupture in pregnancy. In 1942, Sherlock (169) reviewed the 
literature, and found that 11 percent of reported cases of ruptured 
splenic artery aneurysm were in pregnant women. Pedowitz and Perell 
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(140) reviewed 75 cases of aortic aneurysm and 50 cases of aneurysm of 
branches of the aorta in pregnancy. They felt that the major factor was 
cardiovascular stress due to pregnancy, although hypertension and cystic 
medial necrosis are noted as possible concomitants. In a report by 
Furler et al (52), it was stated that rupture of the aorta or one of its 
branches in pregnancy is not always associated with aneurysm formation. 
These authors suggested the possible involvement of hormones. Hochstein 
(83) felt that specific changes in the vessel walls were responsible, and, 
in fact, Danforth et al (supra, p. 50) elegantly demonstrated such changes 
in response to pregnancy and progesterone administration. 
In 1964, Keats and Martt (95) reported a four-year survey in 
- "T 
which 38 pregnant women were found with radiologic dilatation of the right 
atrium. Those patients studied periodically for several years showed 
persistence of the anomaly. The authors suggested elevated right atrial 
pressure and adaptation to increased flow of blood as etiologic factors. 
Perhaps a more comprehensive explanation, tying all of this data to¬ 
gether, however, is that the same histologic changes noted by Danforth 
and his associates in arteries and veins also occur routinely in the heart 
itself. The right atrium, being the weakest link in the chain--the most 
easily distended chamber--in rare instances manifests this change by 
acutely and irreversibly dilating. Obviously, some study into the histo¬ 
logic changes in the myocardium with pregnancy would certainly be 
warranted. 
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Summary 
In attempting to synthesize the conflicting data into a reasonably 
inclusive overview of the causes and effects of the circulatory changes of 
pregnancy, it is desirable to briefly review those events which are uni¬ 
formly agreed upon by most present-day workers. 
During the first trimester, cardiac output rises considerably, in 
association with fairly small changes in blood volume, but a significant 
decline in total peripheral resistance. The second trimester is charac¬ 
terized by a continuing increase in both cardiac output and blood volume, 
while peripheral resistance declines further. The events of the final tri¬ 
mester are less clear, though it is unlikely that either blood volume or 
cardiac output falls. Rather, they probably either continue to rise, or 
remain constant. 
The initial changes appear to be dominated by a peripheral arte¬ 
riovenous shunt effect, consequent upon an early fall in total peripheral 
resistance for reasons unknown. This problem is, doubtless, an area in 
which much work still needs to be done, and which perhaps holds the key 
to the entire question of those factors which stimulate these cardio¬ 
vascular changes. 
Subsequent alterations are probably largely on the basis of an 
accelerating stimulus to fluid retention due to a rapidly proliferating mass 
of maternal and fetal cells. There is certainly also a direct effect of 
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estrogens and progesterones on the renin-angiotensin-aldosterone 
system, but the relative importance of this mechanism in the entire 
scheme remains to be elucidated. Likewise, any conclusion regarding 
direct effects of the hormones of pregnancy on myocardial contractility 
must await further, more definitive, studies. 

SYSTOLIC TIME INTERVALS IN PREGNANCY 
Materials and methods 
Subjects. --The 23 subjects of this study were pregnant women 
between 19 and 34 years old (median age 22), selected from a larger 
population of patients attending the Yale New Haven Hospital antenatal 
clinic. Only those with negative histories for cardiac, renal, endocrine, 
and hypertensive disease, as well as hemoglobin levels above 10. 0 in 
early pregnancy, were accepted for study. One subject (#16) had rela¬ 
tively severe degenerative joint disease of both hips with some physical 
disability. 
The observation period extended from 29 to 42 weeks gestation, 
each subject being studied whenever she returned for an obstetrics 
clinic appointment. Since not all patients attended clinics reliably, 
there is considerable variation in the number of observations performed 
on any individual subject--anywhere from 1 antepartum study to as many 
as 7, with a median number of 4. Aside from several recordings which 
were discarded due to poor technical quality or loss of a subject to further 
follow-up, a total of 94 such recordings were made. In addition, 1 post¬ 
partum study was performed between 4 and 7 weeks following delivery in 
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18 of the 23. Since all cardiovascular parameters studied return to nor¬ 
mal or nearly so within the first few weeks postpartum, these last re¬ 
cordings were regarded as baseline values. The 2 subjects seen only 
once antepartum are included because postpartum comparisons are 
available for each. 
Recording technique. --Studies were made between 8:30 and 
11:00 A. M. to rule out influence by the normal small diurnal variation 
in these intervals (188). Subjects were in the supine position. No effort 
was made to fast subjects prior to study. Blood pressures were mea¬ 
sured at each session via sphygmomanometer. Simultaneous recordings 
of phonocardiogram, carotid arterial pulse, and lead II of the electro¬ 
cardiogram were made with an Elema-Schonander Mingograf 34 poly¬ 
graph at a paper speed of 100 mm/sec with 10 msec time markers. The 
phonocardiogram was recorded, simultaneously at high and low frequen¬ 
cies, with a piezo-electric accelerometer type microphone positioned at 
the upper left sternal border to permit accurate recording of the second 
heart sound. The carotid pulse contour was recorded using a diaphragm 
connected to an air-filled system. 
Significant measurements. --Three measurements were made on 
each heart beat analyzed, using the technique of Weissler et al (186). 
Total electromechanical systole (Q-S2) is the interval from onset of the 
QRS complex of the electrocardiogram to the first high frequency vibra¬ 
tion of the second heart sound. The left ventricular ejection time (LVET) 
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was measured from the start of the rapidly rising phase of the carotid 
arterial upstroke to the incisural notch. In addition, instead of using an 
averaged heart rate as in Weissler's study, the instantaneous rate was 
noted for each complex by dividing the R-R interval into 60. All mea¬ 
surements were made to the nearest 5 msec. (See Figure 1.) 
Calculations. --The preejection phase (PEP) was determined by 
subtracting the LVET from the Q-S2 interval. Each of these 3 values 
was then rate-corrected using the regression formulas of Weissler et al 
(supra, p. 3). The rate-adjusted Q-S2 (the Q-S2I) is the Q-S2 interval 
added to twice the rate. The rate-adjusted LVET (the LVETI) is the 
LVET plus 1. 6 multiplied by the rate. And the rate-adjusted PEP (the 
PEPI) is equal to the PEP plus 0. 4 times the heart rate. These 3 calcu¬ 
lated values are all in milliseconds. Furthermore, a fourth figure, the 
PEP/LVET was also generated for each heart beat. Five consecutive 
beats from each subject session were analyzed and averaged to yield 4 
figures: Q-S2I, LVETI, PEPI, and PEP/LVET. 
Results 
The results of pre- and postpartum Q-S2I, LVETI, PEPI, and 
PEP/LVET determinations are presented in Tables 1-4, respectively. 
These data are grouped in Figures 2-5. Statistical analysis of these 
figures is presented in Table 5. Table 5A demonstrates that there is a 
significant reduction in antepartum Q-S2I when compared with the 
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postpartum control values. Q-S2I remains essentially constant through¬ 
out the 29-42 week period, however. In Table 5B, it can be seen that 
near-term (weeks 36-42) LVETI is significantly decreased when com¬ 
pared with postpartum. In addition, the values during the 29-32 week 
period are significantly above those during the remainder of the ante¬ 
partum study, indicating a definite downward trend during this period. 
Table 5C shows that the only statistically significant change in PE PI is 
between the first 4 weeks and the final 4 weeks of the antepartum period, 
indicating an upward trend as pregnancy progresses. Finally, Table 5D 
illustrates that PEP/LVET values change in a direction which is the 
reverse of changes in LVETI. Thus, PEP/LVET, near term, is in¬ 
creased when compared with postpartum. The antepartum trend is also 
for these values to increase as term approaches. 
No significant influences on systolic time intervals were found 
when attempts were made to correlate changes in Q-S2I, LVETI, PEPI, 
and PEP/LVET with subjects' ages, parity, hemoglobin determinations, 
and the presence or absence of excessive weight gain during pregnancy. 
Discussion 
The data presented show that, even when corrected for heart 
rate, the duration of total systole is constant during the third trimester, 
but is significantly reduced when compared with normal (i.e. the post¬ 
partum period); left ventricular ejection time declines, and preejection 
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time becomes prolonged as term approaches; and PEP/LVET also in¬ 
creases above normal near term. 
Numerous studies have shown that a fall in stroke volume is well 
correlated with a decline in ejection time (65, 75, 186, 187, 189) as well 
as a rise in preejection time (186, 187). Harley et al (75) determined 
that a reduction in stroke volume was associated with a shortening of sys¬ 
tole, although Greenfield et al (65) found no change in duration of systole. 
Others (54, 187) have correlated a rising preejection time with both a 
decreased ejection fraction and an increase in the ratio of diastolic pres¬ 
sure to stroke index. A drop in ejection fraction also results in a fall in 
ejection time. Furthermore, elevation in PEP/LVET appears to be a 
good indicator of a decline in both ejection fraction and stroke volume 
(54, 186). 
The one published study of systolic time intervals in pregnancy 
(19a) points to a significant reduction of LVET and an elevation in PEP 
and PEP/LVET, with no change in Q-S2, when values determined in 12 
pregnant women in the supine position are compared with findings in non¬ 
pregnant subjects as well as in the same 12 women studied in the lateral 
position. There was no statistical difference between intervals measured 
in the nonpregnant state, and those determined in the lateral position in 
pregnant women. The authors concluded that these findings, when ana¬ 
lyzed in accord with the relationships noted above, are consistent with a 
reduction in stroke volume due to pressure of the gravid uterus on the 
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inferior vena cava. 
The results of the present study are, likewise, consistent with 
the fall in stroke volume which is to be expected in supine subjects as 
term approaches. However, even as stroke volume declines near term, 
it generally remains above normal (10, 71, 159). Therefore, one would 
expect that ejection time would fall (as it does), but persist above normal, 
and that preejection time and PEP/LVET would rise (as they do), but re¬ 
main below normal. 
It is difficult, then, to reconcile these findings with the known 
hemodynamic events. Certainly it would have been desirable to have 
specific stroke volume determinations available in those women studied, 
rather than relying on published norms. The most likely explanation 
of this inconsistency is that analysis of systolic time intervals in preg¬ 
nancy based on correlations made in nonpregnant subjects is perhaps not 
a sound approach, considering the multiple factors operating during 
pregnancy—many of which are poorly understood. This suggestion is 
further supported by the finding, in this study, that changes during the 
third trimester (in which the subject is presumably under qualitatively 
similar influences throughout) are consistent with findings in studies of 
the nonpregnant state cited above. Thus, so long as a comparison is 
made between subjects in the same state (pregnant vs pregnant; non¬ 
pregnant vs nonpregnant), the factor or factors in pregnancy which alter 
the systolic time interval response to hemodynamic changes cancel each 
other. 
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During pregnancy, then, systolic time intervals represent 
another technique for studying cardiovascular changes. However, fur¬ 
ther investigation is necessary before comparisons of subjects pre- and 
postpartum can be made. The first step in delineating the factors in¬ 
volved is a direct determination of such hemodynamic parameters as 
stroke volume, coincident with measurement of systolic time intervals. 
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